Real-time (RT) determination of the health of in vitro tissue-engineered constructs prior to grafting is essential for prediction of success of the implanted tissue-engineered graft. In addition, the US Food and Drug Administration requires specific release criteria in RT prior to the release of tissue-engineered devices for human use. In principle, assessing the viability and functionality of the cellular component can be achieved by quantifying the secretion of growth factors and chemokines of tissue-engineered constructs. Ex vivo-produced oral mucosa equivalents (EVPOMEs) were fabricated under thermally stressed conditions at 43 °C for 24 h to create a functionally compromised EVPOME. We used microchannel enzyme-linked immunosorbent assay to evaluate the functionality of the cellular component, oral keratinocytes, of stressed and unstressed EVPOMEs by measuring the release of vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), human β-defensin 1 (hBD-1), and tissue inhibitor of metalloproteinase 1 and 2 (TIMP-1 and -2) into the spent medium, which was collected on the same day prior to graft implantation into severe combined immunodeficiency mice. Implanted EVPOMEs' histology on the seventh postimplantation day was used to correlate outcomes of grafting to secreted amounts of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 from corresponding EVPOMEs. Our findings showed that significantly higher levels of IL-8, hBD-1, and TIMP-2 were secreted from controls than from thermally stressed EVPOMEs. We also found a direct correlation between secreted VEGF and IL-8 and blood vessel counts of implanted EVPOMEs. We concluded that measuring the constitutive release of these factors can be used as noninvasive predictors of healthy tissue-engineered EVPOMEs in RT, prior to their implantation.
Introduction
Oral mucosa can be damaged or lost after surgeries for tumor removal, trauma, or periodontal diseases. Repair of oral mucosa defects using autografts is hindered by the limited amount of healthy tissue available. To address this problem, 3-dimensional (3D) in vitro fabricated autogenous human tissue-engineered oral mucosa has been developed. In addition to the applications of clinical transplantation, 3D tissue-engineered oral mucosa can also be used as an in vitro model in the studies of cell-cell and cell-biomaterial interactions, allowing manipulations that mimic the cellular and tissue natural environment (Moharamzadeh et al. 2012 ).
An example of 3D tissue-engineered human oral mucosa is the ex vivo-produced oral mucosa equivalent (EVPOME) prepared using primary human oral keratinocytes (Izumi et al. 1999 ). The quality of EVPOMEs before grafting into patients affects the success of graft take and tissue maturation of the EVPOMEs in vivo, so evaluation becomes an important issue to ensure the success of tissue-engineered construct implantation. The assessment has to be made noninvasively and in real time, as is required by the US Food and Drug Administration (FDA) for a release criterion of tissue-engineered devices for use in humans. Previously, we reported that the cellular component of the EVPOME secreted interleukin-8 (IL-8) and vascular endothelial growth factor (VEGF) that could correlate with EVPOME viability (Xu et al. 2009 ).
IL-8 has been found to enhance wound healing (Rennekampff et al. 2000) because of its ability to induce keratinocyte migration and proliferation (Tuschil et al. 1992; Morelli et al. 2011) , while VEGF is important for vascular development (Breen 2007) . Human β-defensin 1 (hBD-1) is an important antimicrobial peptide in epithelial tissues (Prado-Montes de Oca 2010) and can also stimulate the differentiation of keratinocytes (Abiko et al. 2003) . Osborne and Schmid (2002) showed that tissue inhibitor of metalloproteinase 1 and 2 (TIMP-1 and -2) may support wound reepithelialization. Morelli et al. (2011) evaluated the expression of TIMP-1 and -2 during the wound healing of periodontal tissue reconstructive procedures using gingival fluid. Therefore, the concentrations of constitutively released VEGF, IL-8, hBD-1, TIMP-1, and TIMP-2 in the spent medium of EVPOME cultures may be indicators of cell viability and functionality.
The goal of this study was to examine the applicability of using IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 concentrations in EVPOME cultures as in vitro indicators of EVPOME implantation success. To reach this goal, we created a group of thermally stressed EVPOMEs that were cultured at 43 °C for 24 h to intentionally destroy a majority of the cellular layers of EVPOMEs (Winterroth et al. 2011) . The viability of cellular components of control EVPOMEs was found to be higher than thermally stressed EVPOMEs (Chen et al. 2014) . We hypothesized that the secretion amounts of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 would be lower for thermally stressed than control EVPOMEs. Toward this goal, the levels of target proteins were determined by enzyme-linked immunosorbent assay (ELISA). Postimplanted EVPOMEs were evaluated for reepithelialization and neovascularization using antipan-keratin and anti-CD31 antibodies, respectively, as indicators of a successful grafting of the tissue-engineered devices.
Materials and Methods

Primary Human Oral Keratinocyte Cultures
All procedures of harvesting human oral mucosal tissue were approved by the University of Michigan Institutional Review Board. The method for culturing primary human oral keratinocytes was described previously (Xu et al. 2009 ). Briefly, primary human oral keratinocytes were enzymatically dissociated using 0.04% trypsin (Sigma-Aldrich, St. Louis, MO) from the tissue samples, and cell cultures were established in serum-free chemically defined culture medium (EpiLife and EDGS; Life Technologies, Grand Island, NY) containing 0.06 mM calcium, 25 µg/mL gentamicin, and 0.375 µg/mL fungizone.
ELISA
Spent medium of stressed and unstressed cultured EVPOMEs was collected on the day when EVPOMEs were implanted into mice. For microchannel ELISA, Optimser™ microfluidic ELISA plate assembly, buffers, and reagents were from Siloam Biosciences (Cincinnati, OH). IL-8 and VEGF antibody pairs were from Life Technologies (Carlsbad, CA). hBD-1 and TIMP-1 reagent kits were obtained from Peprotech (Rocky Hill, NJ). The TIMP-2 antibody pair was from R&D Systems (Minneapolis, MN). The optimized conditions and limits of detection for microchannel ELISA measurement are listed in the Appendix. Measurement was conducted according to the protocol provided by Siloam Biosciences, except for the TIMP-1 assay, whose optimal wash was 0.05% Tween-20 in phosphate buffered saline. The protein concentration was measured in triplicate based on external calibration.
EVPOMEs Manufacturing and Histology
The detailed protocol for manufacturing EVPOMEs was described previously (Izumi et al. 1999) . Briefly, 200,000 oral keratinocytes/cm 2 were seeded on a 1-cm 2 acellular cadaver skin (AlloDerm™; LifeCell Corporation, Branchburg, NJ) that was presoaked in 0.05 µg/µL human type IV collagen (Sigma-Aldrich). EVPOMEs were submerged in medium containing 1.2 mM Ca 2+ for 4 d and were raised to an airliquid phase for an additional 7 d. Thermally stressed EVPOMEs, at day 9 postseeding, were switched to 43 °C culture for 24 h and then back to 37 °C at day 10 postseeding, when all samples were replenished with fresh medium. Control EVPOMEs were maintained at 37 °C. At day 11 postseeding, 1.5 mL of spent medium from each sample was collected and frozen at -80 °C until ELISA analysis. On the same day, one-fifth of each EVPOME sample was cut and fixed in 10% formalin, embedded in paraffin, cut into 5-µm sections, and processed by the histology core at the Dental School, University of Michigan, for hematoxylin and eosin staining. The remaining four-fifths of each EVPOME sample were grafted onto severe combined immunodeficiency (SCID) mice. Four batches of EVPOME samples were made using oral keratinocytes from 4 patients, with a total of 16 EVPOME samples including 8 control and 8 stressed samples. Each batch of EVPOME samples was manufactured using oral keratinocytes from 1 patient.
Mice Surgery for EVPOMEs Grafting and Postimplanted EVPOME Histology
Surgical procedures in mice were detailed in a previous article (Izumi et al. 2003) . Briefly, each batch of control and stressed EVPOMEs was grafted into 7-to 8-wk-old SCID mice (Charles River Laboratories, Wilmington, MA) for 1 wk. Each grafted EVPOME was overlaid with a slightly larger sterilized 0.005-inch-thickness silicon sheeting (Specialty Manufacturing, Saginaw, MI). Implanted EVPOMEs were removed from mice at 1 wk postimplantation. The samples were fixed in 10% formalin, embedded in paraffin, and cut into 5-µm sections. Anti-pan-keratin antibody (Abcam, Cambridge, MA) with 1:250 dilutions was used to detect continuous stratification of keratinocytes and expression of keratin to verify reepithelialization on implanted EVPOMEs (Izumi et al. 2003; Khmaladze et al. 2014) . Three histology experts were blinded to experimental conditions and examined 2 slides from each sample to evaluate reepithelialization on all postimplanted EVPOMEs. The anti-CD31 antibody (Dianova, Hamburg, Germany) with 1:25 dilutions was used to detect blood vessel endothelial cells. The CD31 immunohistochemistry slides were scrambled and numbered so that they did not reflect experimental conditions. One examiner counted the blood vessels and was blinded to experimental conditions. Blood vessels that grew into the dermal equivalent (AlloDerm™) of the implanted-EVPOMEs were counted. The average number of blood vessels from 3 CD31 immunohistochemistry slides was used for each postimplanted EVPOME sample. Each slide contained 2 sections, and each section contained 1.5-mm cut strips from a whole postimplanted EVPOME sample. Six sections per sample were used to count blood vessels. One of the thermally stressed implanted EVPOMEs was found only partially covered by the silicon sheeting. As a result of that, we excluded this sample from the blood vessel count. Rat IgG2a and mouse IgG1 (Santa Cruz Biotechnology, Dallas, TX) were used for negative controls. Immunohistochemistry signals were detected using 3, 3′-diaminobenzidine chromogen for 5 min and hematoxylin as counterstaining. All animal studies were approved by the University of Michigan Committee on Use and Care of Animals.
Data Analysis
The spent medium protein level distributions were examined graphically, and summary statistics were obtained by control versus compromised EVPOMEs. The secretion levels of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 between control and thermally stressed EVPOMEs were each compared by fitting a linear mixed-effects model in which the primary predictor was a dummy indicator for thermally stressed EVPOMEs, and statistical significance of the dummy indicator provided evidence for the differences in the concentration levels of each of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 in EVPOME cultures between compromised and control EVPOMEs. The linear mixed-effects model included patients as random intercepts to account for potential correlation of the data from a set of control and compromised EVPOME samples prepared using oral keratinocytes of the same patient. Because the distribution of the biochemical indicators are skewed to the right, we have also used a generalized linear model with log-link function to estimate the multiplicative difference in the concentration levels of each measure between compromised and control EVPOMEs. Lastly, we assessed the correlation between the concentration levels of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 in EVPOME cultures to the blood vessel counts. This was calculated by using the blood vessel counts human β-defensin 1 (hBD-1), and vascular endothelial growth factor (VEGF) (A), and tissue inhibitor of metalloproteinase 1 and 2 (TIMP-1 and TIMP-2) (B) enzyme-linked immunosorbent assay data by control and thermally stressed groups of ex vivo-produced oral mucosa equivalents. The P values from the test for differences in means were 0.04 for IL-8, 0.03 for hBD-1, 0.07 for VEGF, 0.15 for TIMP-1, and 0.02 for TIMP-2. Statistical analysis strategy is detailed in the Materials and Methods section.
as the dependent variable. However, because the blood vessel counts were skewed to the right, we used a log-link function, and to account for potential correlation within patient, generalized estimating equation was used. Because of the small sample size of this feasibility study, statistical significance was determined at an alpha level of 0.05, even though multiple comparisons were made.
Results
ELISA Analysis of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 from EVPOME Culture
Previously, we analyzed the secretion of IL-8 and VEGF from an EVPOME culture and found that protein secretion was highest on day 11 of culture (Xu et al. 2009 ). In this study, day 11 EVPOMEs were implanted into SCID mice, and the day 11 spent medium was analyzed for the constitutively secreted amounts of IL-8, VEGF, hBD-1, TIMP-1, and TIMP-2 from control and thermally stressed EVPOMEs cultures. As shown in Figure 1 and Table 1 , higher concentrations of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 were observed in control compared with stressed samples. Specifically, the mean secretion levels of IL-8, hBD-1, and VEGF were higher in control than in stressed EVPOME samples by 8.9 pg/mL (P = 0.04), 29.4 pg/mL (P = 0.03), and 13.4 pg/mL (P = 0.07), respectively. In terms of relative difference, the mean secretion levels were 46% (P = 0.10) lower for IL-8 in thermally stressed EVPOMEs than in control EVPOMEs, 41% (P = 0.09) lower for hBD-1, and 45% (P = 0.14) lower for VEGF. No difference was found between stressed and control samples in TIMP-1 concentration (higher in control by 39.7 pg/mL; P = 0.15), but mean TIMP-2 concentration was significantly higher by 80.2 pg/mL (P = 0.02) in control than in stressed samples. Similarly, stressed samples showed 52% reduction (P = 0.03) in mean TIMP-2 concentration in thermally stressed samples compared with control samples. In summary, only IL-8, hBD-1, and TIMP-2 showed a statistically significant difference in the mean concentration level; however, all biochemical indicators showed higher levels in control than in thermally stressed EVPOMEs. In addition, we evaluated the release of lactate dehydrogenase (LDH) into medium as an indicator of cell death (Kahn et al. 2010 ). However, LDH was at undetectable levels despite our best efforts.
Examination of Development of Implanted Control and Compromised EVPOMEs
To examine the growth and development of grafted EVPOMEs, we removed a small portion of each EVPOME before implantation for preimplantation histology and the entire corresponding implanted EVPOMEs for 1 wk postimplantation histology. Thermally stressed EVPOMEs showed obvious destruction of cellular layers in vitro before implantation ( Fig. 2A, top row) . Continuous epithelial differentiation and stratification of EVPOMEs were seen in both control and compromised grafted EVPOMEs at 1 wk; however, a greater stratification amount was observed in control than in compromised EVPOMEs ( Fig. 2A, middle row) .
One of the hallmarks of the success of grafting is the development of blood vessels within the implanted grafts that maintain the nutrient supply to the epithelial layer of the grafts. We used anti-mouse CD31 antibody to detect the development of blood vessel ingrowth into the grafted EVPOME dermal component ( Fig. 2A, bottom row) . Blood vessel formation between control and compromised EVPOMEs was significantly IL-8, interleukin-8; hBD-1, human β-defensin 1; VEGF, vascular endothelial growth factor; TIMP-1, tissue inhibitor of metalloproteinase 1; TIMP-2, tissue inhibitor of metalloproteinase 2; EVPOME, ex vivo-produced oral mucosa equivalent; CI, confidence interval. a Robust SEs are standard errors of the mean after adjusting for potential clustering of the data within EVPOMEs generated from oral keratinocytes of the same patient. The concentration unit is pg/mL. b The negative concentration was based on linear calibration and fell within ±3 SD of the blank.
different at 1 wk postimplantation (Fig. 2B ). Blood vessels perforated through the dermal equivalent of the implanted graft were obvious on control EVPOMEs; in contrast, few blood vessels were observed in the thermally stressed EVPOMEs. We found mean blood vessel counts to be significantly lower by 12.9 (P = 0.008) in implanted thermallystressed EVPOMEs than those in implanted control EVPOMEs. Lastly, when blood vessel counts were modeled using various markers in spent medium, we found VEGF and IL-8 to be significant predictors of blood vessel counts in implanted EVPOMEs (Table 2) . Based on the model, every 10-pg/ mL increase in VEGF was associated with a 48% (1.04 10 -1) increase in the expected blood vessel count, holding IL-8 level constant, while every 10-pg/mL increase in IL-8 was associated with a 54% (0.94 10 ) reduction in the expected blood vessel count, holding VEGF level constant.
Discussion
Selecting the most robust tissueengineered grafts to be used on patients prior to surgery is important to ensure optimal postoperative implant integration. Noninvasive and real-time determination of EVPOME viability prior to implantation is desired and required by the FDA. We employed microchannel ELISA measurements of IL-8, hBD-1, VEGF, TIMP-1, and TIMP-2 to assess the functional viability of the cellular component of grafts. The microchannel ELISAs showed a statistically significant decrease of selected protein secretion in thermally stressed EVPOMEs compared with controls. This difference correlated with histology assessments for epithelial stratification and microvessel growth into the dermal component. Postimplanted EVPOME histology showed significantly different outcomes between control and stressed grafts. In control EVPOMEs, continuous reepithelialization of the cellular layer and formation of blood vessels within the dermis was seen at 1 wk after implantation. In contrast, stressed EVPOMEs showed a more disorganized epithelial layer and a decreased number of invading vessels within the dermis at 1 wk after grafting.
pre-implant
Wound healing is regulated by various growth factors and chemokines (Werner and Grose 2003; Barrientos et al. 2008) , among which IL-8 and VEGF are secreted in large amount by keratinocytes (Xu et al. 2009 ). IL-8 is known to increase keratinocyte migration and proliferation and promote reepithelialization (Tuschil et al. 1992; Morelli et al. 2011) . Reepithelialization observed in our postimplantation EVPOME histology might be a result of secretion of IL-8 or TIMP-1 and TIMP-2 from keratinocytes in EVPOMEs. The formation of blood vessels on implanted grafts is a critical factor in determining the success of grafting because blood vessels supply oxygen, nutrients, and remove metabolites from cells and tissues. IL-8 was reported to be a factor in inducing neovascularization (Strieter et al. 1992; Li et al. 2003) . VEGF is important for vascular development and ingrowth (Breen 2007) . Our statistical analysis data showed a correlative relationship between blood vessel counts of implanted EVPOMEs and the secreted concentration of IL-8 and VEGF. Interestingly, our statistical data showed an inverse relationship of IL-8 and blood vessel counts. Our statistical data suggested that lower concentration of IL-8 was better for neovascularization when VEGF secretion was kept constant. It is possible that there is a feedback regulatory mechanism between IL-8 and VEGF on blood vessel growth on our implanted EVPOMEs or that the timing of IL-8 secretion is important in blood vessel development. Knockdown of IL-8 or VEGF on EVPOMEs by shRNA can be used to examine the issue in a future study. Postimplanted control EVPOMEs had higher level of neovascularization than postimplanted thermally stressed EVPOMEs, which indicated a better integration into hosts for implanted control EVPOMEs. Increased VEGF secretion from the intact epithelial layer on the control EVPOMES could explain the increase in neovascularization observed at 1 wk postimplantation.
These results indicated that we have created an in vitro model system using control and thermally stressed EVPOMEs, in which the cell layer was affected sufficiently to create an obvious dissimilar differentiation pattern in vivo. This model allowed us to correlate suitable growth factors/chemokines as in vitro indicators of successful implantation of EVPOMEs 1 wk postgrafting. Various biochemical indicators evaluated in this study showed potential as indicators of a well-stratified EVPOME. The analyses of secretion levels of these factors can be performed by microchannel ELISA noninvasively with a turnaround time of just 2 to 3.7 h, prior to release of the grafts for surgery. Generalized linear model with log link and with generalizing estimating equation to account for the potential correlation of blood vessel count data of the EVPOMEs from the same patient. b Parameter estimates are exponentiated for ease of interpretation; they can be interpreted as the ratio of expected mean in blood vessel count associated with every 1-unit increase in the predictors.
